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Abstract 

The major concern about the existing rechargeable Li-ion battery technology for military applications 

is that it takes too long time for recharging. Current proposal aims to provide a battery technology 

solution for defense applications with all the advantages of batteries and supercapacitors in one unit. 

In other words, the novel energy storage device will have relatively high energy density comparable to 

batteries as well as high power density as that of supercapacitors. Potential materials for such a 

supercap battery are Li3V2(PO4)3 (LVP) and LiNi1/3Mn1/3CO1/3O2 (NMC) as cathodes and 

titanium-based Li4Ti5O12 (LTO) as anode respectively to provide  high storage capacity and high rate 

performance. 

 

In this study, we did a detailed investigation on LVP cathode and  demonstrated that both the high 

rate performance and long term cyclability of LVP can be improved by preparing electrode material 

with a favourable architecture. We also attempted to address the cause for the observed exceptional 

high rate performance in LVP. For the first time we have reported electron spin resonance experiment 

down to 10K on LVP to discuss valance states of transition metal ions upon lithium extraction and 

insertion. We also investigated storage mechanism using X-ray diffraction experiment restricting the 

voltage windows for lithium storage.   

 

As part of developing novel 18650 cells with new electrode chemistry, LVP cathode material has been 

scaled up successfully up to 50 g in one pot. The electrochemical performance was evaluated in each 

stage (5, 25 and 50 g) of scaling up process using coin cells. LTO anode material has also been scaled 

up systematically from 25 to 100g using one pot synthesis approach and its electrochemical 

performance was evaluated in each batch. Commercial type lithium-ion battery (18650) cells were 

fabricated using in-house pilot line with the above  LTO anode along with  commercial NMC 

cathode material with an energy density of 63 Wh/kg which shows comparable storage performance as 

commercial batteries. Further work is in progress in order to increase the energy density to about 90 

Wh/kg using alternative cathode materials.  

A. Introduction 
 

(i) Fundamental contributions 

The phosphate framework materials LiMPO4 (M= Co, Ni, Mn)
1-8

 and Li3M2(PO4)3 (M = Fe, and V) 
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9,10
 have been investigated extensively as the potential alternate for LiCoO2 cathode material. This is 

because these materials can exhibit better structural stability, competitive energy and power density as 

compared to unstable LiCoO2. Among these phosphate materials, monoclinic α-Li3V2(PO4)3 (LVP) 

has received considerable attention as a prospective cathode material due to its high storage capacity 

(197 mAhg
-1

 vs. Li/Li
+
) 

10-15
. Notably, this storage capacity is known so far the highest among all 

phosphate-based cathode materials. Unlike olivine LiFePO4 with inherent low lithium ion diffusion 

dimensionality 
16,17

 and poor lithium ion diffusion (10
-14

-10
-16

 cm
2
s

-1
) 

18
, the NASICON structured 

LVP with space group P21/n comprises of a three dimensional framework of metal octahedral (VO6) 

and phosphate tetrahedral (PO4) sharing oxygen vertices (Figure 1) 
19-21

 which enables lithium ions 

transport in three dimensional pathways 
22,23

, resulting in relatively higher lithium ion diffusion 

(~10
−9

-10
−10

 cm
2
s

-1
).

24
 However, similar to LiFePO4, the main drawback of LVP is its intrinsic poor 

electronic conductivity (10
−8

 Scm
−1

) 
25

 which can hinder its applications in high power density LIBs. 

In this study, we have demonstrated that the high rate performance and long term cyclability can be 

improved by preparing electrode material with a favourable architecture. The tailored carbon coated 

LVP/C morphology reported here features interconnected nano-particles with mesoporous architecture, 

resulting in improved electrolyte-electrode wettability, reduced transport length for lithium ions and 

conductive wiring for facile electron transfer thus, enhancing the rate performance. 

 

 
Figure 1 View of monoclinic α-Li3V2(PO4)3 structure on xz plane. Blue: Li; red: VO6 and green: PO4 

 

Though LVP cathode material has been successfully developed in our group at the laboratory scale 

with favorable storage performances, some of the fundamental questions have not been addressed. For 

example, the reason for the exceptional high rate performance (90 mAh/g at 30C) is still not clear in 

the proposed cathode Li3V2(PO4)3, a NASICON structured 3-D lithium-ion conductor. We performed a 

systematic morphology examination, electrochemical study, ex-situ XRD and electron spin resonance 

(ESR) experiments to address above questions. We reported electrochemical performance of tailored 

LVP/C with different voltage windows, delivering differential capacity and voltage profiles with 

respect to the site potential of the lithium and interaction with V
3+

/V
4+

/V
5+

 redox couples in the lattice 

structure. Reversible extraction/insertion electrochemical process has been confirmed by ex-situ XRD 

patterns recorded at various stages of charging and discharging cycle. Further, ESR spectra provided 

valuable information about possible changes in the local coordination of vanadium ions and their 

valence state during extraction and insertion of lithium ions into the host matrix of vanadium 

phosphate.  

 

(ii) Fabrication of commercial type Li-ion battery 

 

Combining phosphates with conventional graphitic anodes in a full-cell poses serious limitations to 

the subsequent safety of the system. Especially, at high current rates, the possibility of lithium plating 

is high owing to the very low intercalation potential of lithium in graphite (~ 200 mV vs. Li/Li
+
).

 
Such 

plated lithium grow further into dendrites which tear the separator apart leading to internal shorting 

and a potential thermal runaway (Figure 2).
26

 Hence from a safety standpoint the choice of an 
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appropriate anode material becomes extremely crucial for high power applications. Besides safety, the 

ability of batteries to be rapidly charged/ discharged is also an important requisite of energy storage 

systems. However, in most cases, rapid charge/discharge process is accompanied by drastic reduction 

in the delivered capacities, leading to lower energy densities. Hence, anode materials that combine 

rapid charge/discharge with excellent capacity retention are required. 

 

In view of the above requirements, Li4Ti5O12 (LTO) has been considered to be an ideal candidate for 

high power applications owing to the following reasons namely (a) stable cycle life - no significant 

unit cell volume change during Li insertion/extraction
27,28

 (b) better safety - a high plateau potential at 

1.55 V vs. Li/Li
+
 eliminating the possibility of lithium dendrite formation

29,30
 and (c) low irreversible 

capacity loss - the operating voltage of LTO is higher than the potential at which SEI layer formation 

happens. Hence, all these features have favored LTO for use in commercial applications.
31
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Figure 2 Li4Ti5O12 for ultrafast charge-discharge with safe operating voltage window 

LTO belongs to the Fd


3 m space group with a cubic spinel structure where, lithium and titanium ions 

occupy the tetrahedral 8(a) and octahedral 16(d) sites respectively (Figure 3). Oxygen ions are 

reported to be located on the 32(e) sites to form a three-dimensional edge sharing octahedral structure 

[Li1/6Ti5/6]O6.
27

 

Li

O

Ti

 
Figure 3 Spinel structure of Li4Ti5O12 

We scaled up production of above materials, Li3V2(PO4)3 as well as titanate based anode (LTO), in 

order to fabricate novel military grade Li-ion battery (18650 cells) using the battery pilot line at NUS. 

As an initial step, LVP cathode material was scaled up successfully up to 50 g using one pot synthesis 

approach. The electrochemical performance was evaluated in each stage (5, 25 and 50 g) of scaling up 

process using coin cells against lithium metal (half-cell).  

 

LTO anode material has been developed successfully up to 100g of material in one pot. This material 

was scaled up systematically from 5 to 25 to 100g; electrochemical performance was evaluated in each 

batch of material.  
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18650 cells were also fabricated using in-house scaled up LTO and commercial NMC cathode material. 

This battery upon several optimization resulted in an energy density of 63 Wh/kg which is comparable 

or even slightly higher than the commercial LTO-based batteries. 

B. Experiment 
 

(i) Li3V2(PO4)3  synthesis and material characterization 

 

All chemical precursors and solvents are commercially available and used as received without further 

purification. 0.01M of cetyl trimethylammonium bromide (CTAB) surfactant was dissolved in ethanol 

solution. The starting materials, lithium acetate hydrate (LiOOCCH3.H2O), vanadium (IV) oxide 

bis(2,4-pentanadionate) (C10H14O5V) and ammonium dihydrogen phosphate ((NH4)H2PO4) in a 

stoichiometric molar ratio were added into the prepared CTAB-ethanol solution. Then, deionized 

water was added into the solution with ethanol-water volume ratio of 5:1. The solution was stirred for 

24-60 hour (h) and dried using rotor evaporator at temperature 70 °C. After drying, the obtained 

powder was sintered in tube furnace under argon atmosphere at 600-800 °C for 6-12 h. 

  

The phase of LVP/C was characterized by X-ray diffraction (XRD) 6000 SHIMADZU, Japan with 

Cu-Kα radiation (λ = 1.54056 Å). The morphology and microstructure of obtained powder were 

investigated by HITACHI S4300 field emission scanning electron microscopy (FESEM) at 15 kV and 

transmission electron microscopy (TEM) at 200 kV (JEOL-2010F). Resonant Raman scattering 

spectrum of LVP/C was recorded at room temperature using Raman spectrometer JYT6400. BET 

surface area was measured at 77 K on Nova 2200e surface area (Quantachrome, USA). Prior to the 

measurement, the sample was degassed at 130 
o
C for 12-24 h. Electron Spin Resonance technique 

(ESR) was used to investigate the valence states and the local coordination of vanadium ions in 

LVP/C. ESR measurements were carried out by means of Bruker spectrometer at a frequency 9.2 GHz 

(X-band) in temperature range 10-300 K. The approximation of experimental ESR spectra was 

performed by means of EasySpin software. 

 

The LVP/C electrodes comprises of a  mixture of active material, Super P or Denka black and 

polyvinylidene difluoride (PVDF) (Kynar 2801) at a weight ratio of 75:15:10/80:10:10 in 

N-methyl-2-pyrrolidone (NMP) solvent. Then, electrodes were prepared using an etched aluminium 

foil as current collector via doctor-blade technique. Electrochemical performance of electrodes were 

investigated using CR2016 coin-type cells. The coin cells were assembled in argon-filled glove box 

(MBraun, Germany). Whatman binder-free glass microfiber filter (type GF/F) was used as the 

separator, lithium metal foil was used as the anode, and 1-M lithium hexafluorophosphate (LiPF6) in 

ethylene carbonate/diethyl carbonate (1:1, v/v ratio) (Merck) was used as the electrolyte. The 

galvanostatic cycling and cyclic voltammetry (CV) tests were performed between 2.5 and 4.6 V at 

room temperature using computer controlled Arbin battery (Model BT2000, USA) and VMP3 

(Bio-Logic SA, France) testers. AC impedance spectra were recorded using VMP3 tester coupled with 

frequency response analyzer in frequency range of 10 mHz to 500 kHz. 

 

(ii) Li4Ti5O12 synthesis and material characterization 

 

For synthesis of LTO, 0.01M of cetyl trimethylammonium bromide (CTAB) surfactant was dissolved 

in ethanol-water solution with a volume ratio of 3:1. The starting materials, lithium acetate hydrate 

(LiOOCCH3.H2O) and titanium isopropoxide (C12H28O4Ti) in a stoichiometric molar ratio were added 

into the prepared CTAB-ethanol solution. The solution was stirred for 24-60 hour (h) and dried using 

rotor evaporator at temperature 70-80 °C. After drying, the obtained powder was sintered in tube 

furnace under Air at 700-800 °C for 6-12 h. 

 

The phase of LTO was characterized by X-ray diffraction (XRD) 6000 SHIMADZU, Japan with 

Cu-Kα radiation (λ = 1.54056 Å). The morphology and microstructure of obtained powder were 

investigated by HITACHI S4300 field emission scanning electron microscopy (FESEM) at 15 kV and 
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transmission electron microscopy (TEM) at 200 kV (JEOL-2010F). The LTO electrodes were 

prepared by mixing active material, super P/Denka black and polyvinylidene difluoride (PVDF) 

(Kynar 2801) at a weight ratio of 75:15:10 (90:5:5 ratio for 18650 cells) in N-methyl-2-pyrrolidone 

(NMP) solvent. Then, electrodes were prepared using an etched copper/aluminium foil as current 

collector via doctor-blade technique. Electrochemical performances of electrodes were investigated 

using CR2016 coin-type cells. The coin cells were assembled in argon-filled glove box (MBraun, 

Germany). Whatman binder-free glass microfiber filter (type GF/F) was used as the separator, lithium 

metal foil was used as the anode, and 1-M lithium hexafluorophosphate (LiPF6) in ethylene 

carbonate/diethyl carbonate (1:1, v/v ratio) (Merck) was used as the electrolyte. The galvanostatic 

cycling and cyclic voltammetry (CV) tests were performed between 1-2.5 V at room temperature 

using computer controlled Arbin battery (Model BT2000, USA) and VMP3 (Bio-Logic SA, France) 

testers. 

 

(iii) Commercial type 18650 cell fabrication 

 

A pilot line set up using the funding from NUS was used to fabricate the commercial type 18650 

cells. Figure 4 presents some of the equipment located at the battery pilot line, these equipment were 

purchased from Eager Corporation, Japan. 

 

a)

Roller Press
Electrode coating machine

b)

Ultrasonic welding

Grooving machine 

Resistive welding

Winding machine Slurry making 
machine

 

Figure 4 (a) Coating machine and roller press, (b) Ultrasonic welding, grooving, resistive welding, 

winding machines and slurry making machine. 

 

The LVP or NMC cathode and LTO anode electrodes for 18650 cells were prepared by mixing active 

material, Denka black and polyvinylidene difluoride (PVDF) (Kynar 2801) at a weight ratio of 90:5:5 

(LTO and NMC) and 80:10:10 (LVP) respectively in N-methyl-2-pyrrolidone (NMP) solvent. Then, 

electrodes were prepared using an etched copper/aluminium foil with the thickness of ~10-15µm as 

current collector via big coating machine (pilot line-Figure 4a). The electrode was pressed around 

10-18 kN to ensure intimate contact between the particles and current collector using roller press 
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(Figure 4b). The pressed electrode was slited to required dimension. Electrodes were welded with 

Al/Ni tag using ultrasonic welder (Figure 4b). NMC cathode and LTO anode jelly was fabricated 

using winding machine using celgard as separator. Then, the jelly was fixed into Al can with the 

insulator. Ni tag was welded with the bottom of the can using resistive welding while the Al tag was 

welded to the cap ultrasonically. The electrolyte was filled into the cell using electrolyte filling 

machine (Figure 5). A complete flow chart for commercial cell fabrication is show in the Figure 5. 

Electrochemical performances of electrodes were investigated using 18650 cells. The 18650 cells 

were assembled in argon-filled glove box (MBraun, Germany). Celgard polymer was used as the 

separator and 1-M lithium hexafluorophosphate (LiPF6) in ethylene carbonate/diethyl carbonate (1:1, 

v/v ratio) (Merck) was used as the electrolyte. The galvanostatic cycling tests were performed 

between 1.55-3 V at room temperature using computer controlled high current (10 A) Arbin battery 

(Model BT2000, USA). 

 

Anode 
material 

Current 
collector

Binder

Cathode
material 

Current 
collector

Binder

Separator

Mix LTO 
slurry

Coat slurry
Al foil

Compress for 
thickness 

control

Slit to size

Anode – Electrode Coating

Mix NMC 
slurry

Coat slurry
Al foil

Compress for 
thickness 

control 

Slit to size

Cathode – Electrode Coating

Wind Anode, 
Separator , 
cathode layers

Insert into cases
(cylindrical), 

attach insulators

Fill with 
electrolyte 

and seal case

Test using 
cycler

Battery assembly

 

Figure 5 Flow chart for commercial battery fabrication using battery pilot line 

C. Results and Discussion 
(i) Fundamental contribution 

 

Morphology and Structure of Li3V2(PO4)3  

It is clear from the Rietveld refinement of measured XRD pattern (Figure 6) that the monoclinic 

phase LVP is formed. The fit between the calculated and measured XRD patterns was excellent with 

weighted factor Rwp of 4.00 %. The considerably small Rwp factor implies that single phase monoclinic 

LVP can be obtained by our synthesis method and no other impurities phases such as Li3PO4 and V2O3 

are observed. The unit cell parameters for the obtained material were a = 8.6095 Å, b = 8.6041 Å, c = 

12.0560 Å and  = 90.490° and its cell volume was estimated to be 893.044 Å
3
. All the diffraction 

peaks can be well indexed to monoclinic LVP crystal structure (ICDD PDF: 01-074-3236, 2011 

International Centre for Data Diffraction) with space group P21/n. 
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Figure 6 XRD Rietveld refinement of LVP/C. Measured profile: red points; calculated: black line, 

difference: blue line 

 

FESEM shows that the LVP/C powder composed of aggregated particles with average secondary 

particle size in the range 200-300 nm (Figure 7 (a-b)). Upon observation under high magnification, 

the particles found to be constructed from interconnected porous nano-particles with average grain 

size around 20-50 nm. The most severe limitation of LVP/C is its considerably low electronic 

conductivity. In order to achieve superior electrochemical performance at high rate it is mandatory to 

have good conductive wiring among the surface of LVP/C particles. This electronic wiring must be 

permeable to lithium ions and efficient in transferring the electrons into/from the LVP surface to the 

corresponding current collector. 

 

a) b)

c) d)

e)

 

Figures 7 (a-b) FESEM images of LVP/C at different magnifications, (c) TEM, (d) HRTEM images 

and (e) Raman spectrum of LVP/C 

 

High resolution transmission electron microscopy (HRTEM) image showed carbon coating on the 

surface of LVP particles, the thickness was estimated around 5 nm (Figure 7c, d). The presence of 

in-situ carbon not only suppresses the growth of LVP particles during calcination, it also provides 

good electronic contact between LVP particles due to its uniform distribution throughout the sample. 

Clear lattice fringes observed from the HRTEM image (Figure 7d) indicate high crystalline nature of 

obtained LVP/C. The measured width of neighbouring lattice fringes was approximately 0.429 nm 

which corresponded well to the (002) plane of LVP (Figure 7d). 

  

The nature of carbon coating for the synthesized LVP/C was characterized by Raman spectroscopy. As 
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shown in Figure 7e, the Raman spectrum showed two intense broad bands at 1362 and 1599 cm
-1

, 

which can be attributed to the D (disordered) and G (graphene) bands of carbon coated on the surface 

of LVP particles. The content of sp
3
 and sp

2 
carbon in the LVP/C can be determined by the relative 

intensity ratio of D and G bands. Generally, the increase of sp
2
 type carbon or the decrease of D/G 

ratio can improve the electronic conductivity resulting in excellent rate capability and discharge 

capacity. From the analysis, the ID/IG ratio of synthesized LVP/C was around 0.91. This indicates that 

the synthesized LVP/C compound contains slightly higher amount of graphene (sp
2
) type conductive 

carbon than the disordered carbon (sp
3
) which is favourable for improving the rate performance. 

 

Electrochemical characteristics of Li3V2(PO4)3   
 

Figure 8a depicts the electrochemical performance of tailored LVP/C against lithium metal with 

different voltage window, delivering differential capacity with various voltage profiles (Figure 8b). 

Until upper cut-off voltage of 4.3 and 4.4 V, vs. Li/Li
+
 respectively which corresponds to redox couple 

of V
3+

/V
4+

, the battery delivered a discharge capacity of ~133 mAh g
-1 

which corresponds to 

extraction/insertion of two moles of lithium with flat voltage steps during charge and discharge. On 

the other hand, beyond 4.4 V (4.45, 4.5, 4.55, 4.6 V) the discharge process during lithium insertion 

showed an initial S-shaped curve of single-phase region followed by two phase transition behaviour 

(Figure 8a). 

 

The electrochemical voltage composition profiles with two and three moles of lithium 

extraction/insertion is shown in Figure 8(c-d), resulting in differential capacity and voltage with 

respect to the site potential of the lithium and interaction with V
3+

/V
4+

/V
5+

 redox couples in the lattice 

structure.
32-36

 Figure 8a shows the charge/discharge voltage profiles of LVP/C at 0.1C rate in the 

voltage window of 2.5-4.3V. Under this restricted voltage window, two lithium per formula unit are 

removed in three voltage steps. These two lithium ions are extracted at the potential of 3.59, 3.67 and 

4.07 V vs. Li/Li
+
 respectively which corresponds to redox couple of V

3+
/V

4+
, delivered a discharge 

capacity of 133 mAh g
-1

. The very low degree of overpotential in the redox reaction shows that the 

ionic and electronic transport is rapid in removal of first two lithium ions from the lattice. Since, the 

third lithium is extracted at the potential of 4.54 V as shown in Figure 8d, an extended voltage 

window (2.5-4.6 V) allows the extraction of third lithium ion from the framework.  
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Figure 8 (a) Electrochemical voltage profiles of LVP with different voltage, (b) Specific discharge 

capacity with various upper cut-off voltage. Electrochemical voltage composition profiles of 

LixV2(PO4)3, x=3, 2.5, 2, 1 and 0 with different moles of extraction/insertion, (c) two moles of lithium 

and (d) three moles of lithium. 
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Under this wider voltage window, all three lithium ions per formula unit are extracted in four voltage 

plateaus at around 3.59, 3.67, 4.07 and 4.54 V during charge, which are associated with the two-phase 

transition process of LixV2(PO4)3 (x = 3.0, 2.5, 2.0, 1.0, and 0). The removal of the all three lithium 

ions is associated with the redox reaction of V
3+

/V
4+

/V
5+

. During charging, the first lithium ion was 

extracted in two steps at the voltage plateaus of 3.59 and 3.67 V due to the existence of an ordered 

phase of Li2.5V2(PO4)3.
14

 This was followed by the removal of second lithium ion at a single voltage 

plateau of 4.07 V to form LiV2(PO4)3. All of these three successive voltage plateaus signify the 

two-phase character of electrochemical reaction in the associated composition range and they 

correspond to V
3+

/V
4+

 redox couple (Figure 8). Further, the removal of third lithium ion associated 

with the redox couple of V
4+

/V
5+

 occurs at 4.54 V vs. Li/Li
+
. Most significant is that the higher 

overpotential at V
4+

/V
5+ 

redox reaction (~0.5 V) than the V
3+

/V
4+ 

redox reaction, suggests that the 

lithium ion kinetics is initially faster and slow down only when x=2 in Li3-xV2(PO4)3.
37,38

 On the other 

hand, the discharge process showed an initial S-shaped curve of single-phase region followed by two 

phase transition behaviour at voltage plateaus around 3.67 and 3.59 V (though not seen obviously). 

The initial discharge capacity of the prepared material can reach 178 mAh g
-1

 with coulombic 

efficiency of 91.3%. 

 

The phase transition is due to the site potential of the lithium, interaction with V
n+

 and mixed valence 

state of V
4+

/V
5+

 upon insertion of third lithium in to the framework, not due to changes in the structure 

(Figure 9).
36

 The observed voltage profiles during charge and discharge are the characteristic of the 

lithium extraction and insertion reactions of LVP. 
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Figure 9 XRD patterns at, (a) x=3, starting phase; (b) extraction at 3.61 V, x=2.5; (c) extraction at 

3.91 V, x=2; (d) extraction at 4.3 V, x=1; (e) extraction at 4.4V, x=1, (f) extraction at 4.45V, x<1; (g) 

extraction at 4.5 V, x<1; (h) extraction at 4.55 V, x<1; (i) extraction at 4.6 V-end of charge, x<1; (j) 

insertion at 4.06 V, x<1; (k) insertion at 3.925 V, x=1; (l) insertion at 3.7 V, x=2; (m) insertion at 3.64 

V, x>2; (j) insertion at 2.5 V, x=3 and corresponding electrochemical profiles with extraction and 

insertion points. 

 

Further, reversible extraction/insertion electrochemical process is confirmed by XRD pattern at 
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various stages of charging and discharging cycle. XRD patterns of x=3 are identical at end of the 

discharge and XRD of pristine material (Figure 9n and 9a). Further XRD patterns of x=2 are 

comparable during extraction and insertion (Figure 9d, 9e and 9l). Though charging process follows 

two-phase transition upon extraction of x>2 lithium, there is a difference in the diffraction pattern 

beyond 2 lithium (>4.4V) (Figure 9f-9i). The XRD patterns are identical at 4.45, 4.5, 4.55 and 4.6 V. 

Further, XRD patterns of x=1 are different during extraction/insertion of lithium (Figure 9c and 9k). 

 

ESR measurement on Li3V2(PO4)3 

 

ESR measurements were carried out, in order to investigate the changes in the local coordination of 

vanadium ions and to check their valence states during the electrochemical cycling for the best 

performing LVP/C (vs. Li/Li
+
) cell, the cells were dismantled after fully charging and discharging to 

4.6 V and 2.5V respectively. V
3+

 ion has d-electronic configuration 3d
2
 and ground state 

3
F with spin 

S = 1. For such ion with an even number of electrons in the respective electronic shells singlet 

ground-state levels may result such that no ESR is observable. Indeed, we do not observe the ESR 

signal in as-prepared LVP/C samples which would be expected for vanadium ions in [3+] valence 

state. At the same time, by perfoming the ESR at low temperatures, we able to resolve a weak 

resonance signal in the ESR spectra of as-prepared compound which will be discussed later. 

 
Figure 10 ESR spectra of (a) delithiated LVP/C and (b) as-prepared LVP/C; ESR spectra of 

as-prepared (black line) and (c) fully delithiated (red line) as well as (d) relithiated (red line) LVP/C 

normalized to the mass 

 

ESR spectra of delithiated LVP/C are shown in Figure 10a. Approximation of these spectra yielded 

the best fit of experimental data for the powder spectrum, corresponding to the paramagnetic centers 

with effective spin S = 1/2 and anisotropic g-factor g = 1.974, g|| = 1.936. Obtained anisotropic 

g-factor was close to the g-factor of V
4+

 ions in tetragonally distorted VO6 octahedra 
39

. This was 

consistent with the electrochemical performance results, according to which vanadium changed its 

valency state from [3+] to [4+/5+] during charging. It should be noted that V
5+

 ion has no electrons in 

3d electron shell and therefore this ion is ESR silent. Since vanadium has a nuclear spin I = 7/2, ESR 

spectra of V
4+

 ions are expected to contain 8 lines of hyperfine structure due to the interaction of the 

electron spin (S = 1/2) with the nuclear spin of 
51

V. The absence of hyperfine structure of V
4+

 ion in 

the ESR spectrа of delithiated LVP/C can be associated with the presence of exchange interactions 

between vanadium ions.
40

 Exchange interactions between magnetic ions in such magnetically 

concentrated compounds lead to the merging of hyperfine-structure lines into a single absorption line 

located at the center of gravity of the hyperfine lines.  
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ESR spectra of as-prepared LVP/C are shown in Figure 10b. Approximation of these spectra yielded 

the best fit of experimental data for the powder spectrum, corresponding to paramagnetic centers with 

effective spin S = 1/2 and anisotropic g-factor g = 1.972, g|| = 1.928. It can be seen that the 

paramagnetic centers determining the ESR spectra of the as-prepared and the delithiated phases of 

LVP/C had similar resonance parameters. This suggests that ESR spectra of as-prepared compound 

correspond to V
4+

 ions. The presence of V
4+

 ions in the initial samples of LVP/C can be associated 

with small lithium non-stoichiometry. It is known that the integral intensity of absorption line is 

proportional to the concentration of paramagnetic centers. This fact allows us to determine the relative 

concentration of V
4+

 ions in the as-prepared and delithiated phases of LVP/C. As can be seen from 

Figure 10c, the intensity of ESR spectrum of as-prepared LVP/C was much smaller than that of the 

delithiated one. The estimation of V
4+

 ions’ concentration in the as-prepared samples of LVP/C gave 

the value of 1.5 %. 

 

It should be noted that ESR signal discussed above was not observed in the ESR spectrum of 

relithiated LVP/C which had the same composition as as-prepared LVP/C (Figure 10d). This indicates 

that vanadium ions giving rise to the ESR signal in the as-prepared samples change their valence state 

during the cycling of LVP/C cell. According to electrochemical performance results, the most 

probable change of valence state of these ions after one charge/discharge cycle is their reduction to the 

V
3+

 ions. Since V
3+

 ions are ESR silent in our experiments, the proposed changes in the valence state 

of vanadium ions are consistent with ESR data. The reduction of all vanadium ions to the valence state 

[3+] after the first charge/discharge cycle corresponds to reversible intercalation of all lithium ions to 

the LVP/C. Thereby, the host structure of LVP/C samples allows using its maximum capacity during 

the first charge/discharge cycle. 

 

High rate performance of Li3V2(PO4)3 

 

 

Figure 11 (a) Electrochemical charge/discharge curves of LVP/C calcined at 800 °C for 6 h at 

different C rates in voltage window 2.5-4.6 V and (b) long-term cyclability at 1C and 20C up to 1000 

cycles in voltage window 2.5-4.6 V, testing was performed at room temperature. 

 

Figure 11a shows the cycle life performance of LVP/C at different C rates in the voltage window of 

2.5-4.6 V. The initial discharge capacity was 178 mAhg
-1

 and it decreased to 157 mAhg
-1

 after 25 

cycles at 0.1C. Fading was also found in previous studies.
41,42

 The capacity fading could be due to the 

dissolution of vanadium in electrolyte as reported in literatures.
10,43,44

 Nevertheless, LVP/C still 

exhibited excellent cycle performance at high rates. At high rate, the exposure time of vanadium to 

electrolyte is lesser than the low rate. Therefore, the dissolution of vanadium in the electrolyte can be 

minimized and this could possibly lead to its stable cycle performance at high rate. At 1C rate, the 

initial discharge capacity was 131 mAh g
-1

 with a coulombic efficiency of 92.8 %. After 25 cycles, it 

can sustain discharge capacity of 128 mAh g
-1

 with coulombic efficiency of 96.5 %. With further 

storage performance up to 1000 cycles (Figure 11b), the discharge capacity decreased to around 105 
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mAhg
-1

 (80.2 % of its initial capacity). In the case of higher C rate, for example at 20C, LVP/C can 

provide initial discharge capacity of 100 mAhg
-1

 and it can retain its discharge capacity of around 100 

mAhg
-1

 without significant fading at 1000 cycles (Figure 11b), which can reiterate the material’s 

stability at high rate. Such stable high rate cycle performance and the capability of nanostructured 

mesoporous LVP/C to deliver discharge capacity up to 80C indeed would be attractive for future 

defense applications. 

 

(ii) Development of Li-ion battery technology: 

 

Production and scale-up of LTO anode 

 

LTO anode material was produced using simple, one pot soft temple synthesis process. Figure 12 

shows schematic illustration of LTO production and more detail about the synthesis process 

mentioned in the experimental section. 

 

Production of Li4Ti5O12

Simple, one-step process for easy scalability

5 g batch

25 g batch

50 g batch

100 g batch

 

Figure 12 Schematic illustration of LTO synthesis 

 

Electrochemical performances of 5g and 25g batch of LTO were shown in the Figure 13. 5g batch 

LTO sample has delivered a charge capacity of 157 mAh g
-1

 at 0.2C with the coulombic efficiency of 

96.31%. LTO material synthesized by soft template method exhibits pseudo-rectangular morphology; 

the particles size in range of 300-500 nm with the surface area of 6 m
2
 g

-1
. LTO sample prepared by 

25g batch synthesis, delivered a charge capacity of 153 mAh g
-1

 at 0.2C with the coulombic efficiency 

of 96.83%. 
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Figure 13 (a) Charge/discharge profiles of LTO of 5 g batch at 0.2C rate; (b) morphology of LTO; (c) 

discharge capacity and coulombic efficiency of 5 and 25 g batch at 0.2C rate and (d) Charge/discharge 

profiles of LTO of 25 g batch at 0.2C rate. 

 
We have also tested rate performance in the coin cells vs. Li/Li

+ 
at different C rates of 25g batch 

material. This material exhibited charge capacities of 152, 123, 100, 69 and 52 mAh g
-1

 at 1C, 10C, 

20C, 40C and 60C respectively (Figure 14a). This material also exhibited capacity retention of  93% 

after 300 cycles and coulombic efficiency over 100% (Figure 14b). Further, we had fabricated coin 

cells with the material from 50 and 100g batch synthesis, they showed charge capacities of ~163 and 

~162 mAh g
-1

 respectively, at 0.1C rate (Figure 15). This shows the repeatability of our simple, one 

step soft template synthesis. 
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Figure 14 (a) Charge and discharge capacity of LTO of 25 g batch at different C rates and (b) 

discharge capacity retention and coulombic efficiency of 25 g batch up to 300 cycles at 1C rate. 
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Figure 15(a) Charge/discharge capacity of LTO of 50g batch at 0.1C rate up to 20cycles and (b) 

Charge/discharge capacity of LTO of 50g batch at 0.1C rate up to 10cycles. 

 

(iii) Device fabrication: 18650 cell 

 
Electrochemical characterization of LVP vs. LTO  

 

Initially, the electrochemical performance of this novel combination of LVP vs. LTO was tested using 

coin cells over the voltage window of 1.5-3V, where we can extract/ insert close to three moles of 

lithium. The electrochemical performance of this chemistry is shown in the Figure 16. With this 

voltage window (1.5-3V), the full cell exhibited first cycle discharge capacity of 184 mAh g
-1

 at 0.5C 

rate with S-shaped curve in the discharge profiles which is the signature of extraction/insertion of 

third lithium as seen in the half-cell performance profiles (Figure 16a). After 10 cycles, it had shown 

discharge capacity of 149 mAh g
-1

 at 0.5C rate. This suggests that the capacity retention is not good. 

Further, this material had delivered discharge capacities of 139 and 85 mAh g
-1

 at 1C and 5C 

respectively with the voltage window of 1.5-3 V at room temperature (Figure 16b-16c).  
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Figure 16 Electrochemical performance of full-cell combining LVP vs. LTO at room temperature; (a) 

charge/discharge profiles of LVP vs. LTO at 0.5C with voltage window of 1.5-3 V, (b) 

charge/discharge profiles of LVP vs. LTO at 1C with voltage window of 1.5-3 V, (c) discharge 

capacity of LVP vs. LTO at different  C rates with voltage window of 1.5-3 V and (d) 

charge/discharge profiles of LVP vs. LTO at 1C with voltage window of 1.5-2.8 V. 

 
Figure 16d showed lithium storage performance of LVP vs. LTO with the restricted voltage of 1.5-2.8 

V where only two moles of lithium can be extracted/inserted into/from the structure. This 
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electrochemical cell only exhibited discharge capacity of 124 mAh g
-1 

at 1C rate (Figure 16b) with 

three distinct voltage plateaus in both charge and discharge curves and slightly low discharge capacity 

compared to wider voltage window (1.5-3 V), depicted 139 mAh g
-1 

at 1C rate with the S-shaped 

curve (Figure 16d). 

 

 

Figure 17 LVP electrodes with high loading, coated using coating machine in the pilot line; material 

come off after roller pressing. 

 

After performance evaluation using coin cells, we had prepared LVP electrodes on the aluminium 

substrate using coating machine in the pilot line. The electrode was then pressed using roller press to 

create intimate contact between the particles and with the aluminium substrates. However we found 

that the adhesion between the electrode material and the aluminium substrate was poor owing to fluffy 

nature of the active material and high in-situ carbon content (Figure 17). Currently we are aiming to 

improve the adhesion problem. In view of this failure to prepare good electrodes using LVP for 18650 

cells, we had extended our work in combining commercial NMC cathode material with our potential 

in-house LTO anode material to develop 18650 cells. 

 

Electrochemical characterization of NMC/LTO 18650 cell  

 

Figure 18 shows the NMC cathode electrode coated on aluminum foil. This electrode has been cut to 

length of 50 cm, slit to width of 50 mm (Figure 18a). The Al tag was welded ultrasonically to one end 

of electrode (Figure 18b) and dried at 100 °C overnight using vacuum oven. 

 

a)

b)

NMC Cathode with Al substrate without Al Tag

NMC Cathode with Al substrate with Al Tag

 

Figure 18 NMC cathode coated on Al foil; (a) without Al Tag and (b) with Al Tag welded 

ultrasonically 

 

Figure 19 shows the LTO anode electrode coated on copper foil. This electrode has been cut to length 

of 50 cm, slit to width of 52 mm (Figure 19a). Then Ni tag was welded ultrasonically in one end of 

electrode (Figure 19b) and dried at 100 °C overnight using vacuum oven. 
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a)

b)

LTO Anode with Al substrate without Ni Tag

LTO Anode with Al substrate with Ni Tag

 

Figure 19 NUS LTO anode coated on Al foil; (a) without Ni Tag and (b) with Ni Tag welded 

ultrasonically 

 

The electrodes were pressed at 10-14 kN using roller press to ensure intimate contact between the 

particles and current collectors. Electrodes were welded with Al/Ni tag using ultrasonic welder. 

NMC/LTO jelly was fabricated by winding machine using celgard as separator. Ni tag was welded 

with the bottom of the can using resistive welding while the Al tag was welded to the cap 

ultrasonically. After attaching the cap, the cells were moved into an Argon glove box for electrolyte 

filling and crimping. Upon assembly, OCV of the cell was measured. Figure 20 shows NUS-18650 

cell fabricated using NMC cathode and LTO anode. 

 

NUS-18650 cell NMC/LTO

 
Figure 20 NUS-built 18650 NMC/LTO cell 

 

Electrochemical tests were performed on novel 18650 NMC/LTO batteries by means of Constant 

Current–Constant Voltage (CC–CV) cycling mode (CC–CV mode only at the charge state, not at the 

discharge state) with a voltage window of 1.55V-3V at room temperature using an Arbin battery tester 

(Model, BT2000, USA) (Figure 21, 22).  

 

Batch A: 
 

The lithium storage and rate performances of NMC/LTO 18650 battery cell were tested. Batch A  

18650 cells exhibited discharge capacity of 850 mAh . Figure 21 shows the rate performance of this 

18650 cell and the battery was tested at various C rates viz. at 0.2C, 0.5C and 1C rates. At 0.2C rate, 

this battery has exhibited lithium storage capacity of ~900 mAh (0.90Ah) (Figure 21b). The 

performance was tested  for about 10 cycles, where the capacity stabilized at 850 mAh. As seen from 

the graph the cycling showed good capacity retention at the discharge with the average operating 

voltage of 2.3 V. 
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Figure 21 (a) NMC vs. LTO 18650 cell developed in our in laboratory with the energy density of 54 

Wh/kg; Electrochemical performance of novel 18650 NMC vs. cell at various current rates up to 10 

cycles; (b) 0.2C, (c) 0.5C, (d) 1C and (e) discharge profiles at different C rates at room temperature. 
 

At 0.5C rate the battery showed a capacity of ~805mAh (Figure 21c). The cycling at 0.5 C rates also 

showed good capacity retention for about 10 cycles, but as seen from the graph the polarization 

increased at this C rate. Nevertheless the columbic efficiency and the capacity retention of the battery 

are maintained as in the case of 0.2C rate. Galvanostatic cycling was also done at 1C rate (i.e. 1 hr of 

charging/discharging). The cycling at 1C rate has given a capacity of about 700 mAh (Figure 21d). 

The voltage polarization had increased at this C rate compared to other slow C rates (Figure 

21b-21e).  

 

Batch B: 

 

In order to increase the storage capacity of NMC/LTO 18650 cell, we have fabricated Batch B high 

energy density NMC/LTO battery. As shown in Figure 22, the storage capacity of Batch B NMC/LTO 

cell increased to 1054 mAh, the energy density of which is estimated to be 63 Wh/kg (battery total 

weightis 38.4 g). As seen from the graph the cycling showed good capacity retention at the discharge 

with the average operating voltage of 2.3 V. The lithium storage performance of 18650 batch B was 

not impressive at high current rates compared to batch A. To improve the energy density, especially 

power density and to reduce voltage polarization of 18650 NMC vs. LTO cell chemistry, inde

ed active material (NMC and LTO), carbon and binder content needs to be optimized. Work i

s in progress to improve the rate performance of batch B. 
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Figure 22 Electrochemical performance of novel 18650 NMC vs. cell developed in our in laboratory 

with the energy density of 63 Wh/kg up to 11 cycles. 

Key highlights 

 

- LVP cathode material was developed and scaled up over 50g in one pot successfully  

- Demonstrated high rate performance and long term cyclability of LVP can be improved by 

preparing electrode material with a favourable architecture. 

- Addressed the causes for the observed high rate performance in LVP. 

- Titanium-based anode material LTO was developed and scaled up over 100g in one step for 

the novel 18650 cells. 

- Novel 18650 cell chemistry was fabricated using in-house scaled up LTO with commercial 

NMC cathode material with the energy density of 63 Wh/kg which has comparable 

performance to the commercial LTO-based batteries. Further work is in progress to improve 

energy density and power density using alternative cathode material against LTO along with 

fabrication conditions.  

Future work and suggestion 
 

- To improve the quality of the LVP electrodes, the material has to be prepared with dense 

particles and minimum in-situ carbon. 

- To improve the energy density, especially power density and to reduce voltage polarization of 

novel 18650 NMC vs. LTO cell chemistry, indeed active material (NMC and LTO), carbon 

and binder content needs to be optimized. 

- Indeed electrolyte content/constituent and 18650 cell fabrication has to be improved to achieve 

good rate performance. 
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